Cytochrome P450 2E1 (CYP2E1) is an important drug metabolizing enzyme for processing numerous xenobiotics in the liver, including acetaminophen and ethanol. Previous studies have shown that microRNAs (miRNAs) can suppress CYP2E1 expression by binding to the 3 0 -untranslated region (3 0 -UTR) of its transcript. However, a systematic analysis of CYP2E1 regulation by miRNAs has not been described. Here, we applied in silico, in vivo, and in vitro approaches to investigate miRNAs involved in the regulation of CYP2E1. Initially, potential miRNA binding sites in the CYP2E1 mRNA transcript were identified and screened using in silico methods. Next, inverse correlations were found in human liver samples between the expression of CYP2E1 mRNA and the levels of two miRNA species, hsa-miR-214-3p and hsa-miR-942-5p. In a HepG2-derived CYP2E1 over-expression cell model, hsa-miR-214-3p exhibited strong suppression of CYP2E1 expression by targeting the coding region of its mRNA transcript, but hsa-miR-942-5p did not inhibit CYP2E1 levels. Electrophoretic mobility shift assays confirmed that hsamiR-214-3p recruited other cellular protein factors to form stable complexes with specific sequences present in the CYP2E1 mRNA open reading frame. Transfection of HepaRG cells with hsa-miR-214-3p mimics inhibited expression of the endogenous CYP2E1 gene. Further, hsa-miR-214-3p mimics partially blocked ethanol-dependent increases in CYP2E1 mRNA and protein levels in HepG2 cells and they reduced the release of alanine aminotransferase from CYP2E1-overexpressing HepG2 cells exposed to acetaminophen. These results substantiate the suppressing effect of hsa-miR-214-3p on CYP2E1 expression.
Introduction
Cytochrome P450 2E1 (CYP2E1), an important drug metabolizing enzyme (DME), is expressed highly in the liver and it is also expressed at very low levels in the brain and small intestine [1] . CYP2E1 has been studied extensively due to its key role in the phase I metabolism of a number of drugs and other compounds [2] [3] [4] . CYP2E1 catalyzes the metabolism of a variety of important endogenous biochemicals and xenobiotics, including aliphatic compounds (e.g., ethanol, acetone, lauric acid and arachidonic acid), aromatic compounds (e.g., pyrazole, benzene, and p-nitrophenol), halogenated hydrocarbons (e.g., chloroform, carbon tetrachloride, vinyl chlorides) and bicyclic molecules (e.g., chlorzoxazone, quinolone, caffeine) [4] . Some metabolites of these compounds generated by CYP2E1 catalytic activity are carcinogenic; thus, CYP2E1 genetic polymorphisms are associated with altered susceptibility to cancer [5] . Moreover, approximately 3% of commercially available drugs are metabolized by CYP2E1 [6] . For example, CYP2E1 is the primary liver enzyme responsible for the formation of reactive metabolites of acetaminophen (APAP, paracetamol) [6] , chlorzoxazone [7] , and trimethadione that are associated with the toxicity of these drugs [8, 9] . Owing to its ability to oxidize ethanol to produce reactive oxygen species, CYP2E1 is involved in alcohol-induced liver injury [10] .
The regulation of CYP2E1 in humans is complex. CYP2E1 gene expression, protein production, and enzyme activity are affected by genetic polymorphisms [11] , environmental stimuli [12] , and epigenetic factors [13, 14] . For instance, the protein level and catalytic activity associated with the genetic variant CYP2E1*2 are 37% and 36%, respectively, compared with the wild-type enzyme [11] . Ethanol is a factor present in the diet that leads to increased hepatic CYP2E1 activity by inhibiting protein degradation independent of CYP2E1 mRNA levels [12] . Epigenetic expression without alteration of DNA sequences [15] . DNA methylation and histone modifications are important epigenetic modifications that contribute to CYP2E1 regulation [15] . In addition, miRNAs promote mRNA degradation or inhibit protein translation through binding specific sequences found in RNA transcripts [16] [17] [18] . In particular, previous studies have shown that CYP2E1 is regulated by hsa-miR-378-5p, hsa-miR-552, and hsa-miR-570-3p via interactions with their cognate binding sites present in the 3 0 -UTR of its mRNA transcript [13, 14, 19] . However, a systematic analysis has not been reported for the regulation of CYP2E1 by miRNAs that may target putative recognition sites distributed throughout its full length mRNA transcript.
Our previous studies have shown that the expression of several DMEs, including CYP2C9, CYP2C19, CYP2B6, SULT1A1 and ALDH5A1, can be suppressed by miRNAs in human liver cells [16, 17, [20] [21] [22] . Importantly, we demonstrated that miRNAs can regulate CYP2C19 expression by targeting a specific site within its protein coding region [21] .
In the current study, we used in silico, in vivo, and in vitro methods to explore the roles of all potential miRNAs in regulating the expression of CYP2E1. Two miRNAs (hsa-miR-214-3p and hsamiR-942-5p) were identified using in silico methods that could target the CYP2E1 protein coding region. The expression of both miRNAs in human liver samples correlated inversely with CYP2E1 mRNA levels. We performed a series of biochemical assays to evaluate biophysical interactions between the selected miRNAs and CYP2E1 mRNA transcripts and their influence on the expression of CYP2E1. We also tested the hypotheses that miRNAs that are able to suppress CYP2E1 expression in general should also block the induction of CYP2E1 by ethanol and interfere with the CYP2E1-dependent toxicity of acetaminophen. In addition, the efficiency by which hsa-miR-214-3p suppresses CYP2E1 expression through interactions with the CYP2E1 coding region was compared with the CYP2E1-suppressing efficiencies of two other miRNAs (hsa-miR-378-5p and hsa-miR-570-3p) that target distinct binding sites within the CYP2E1 3 0 -UTR [13, 18] . This step-wise approach offers a systematic way to confirm that predictions of gene regulatory functions for miRNA species are validated via appropriate mechanistic evidence.
The utility of novel biomarkers, such as changes in miRNA expression, for characterizing diseases, toxicity, drug safety, and drug efficacy, is enhanced when clear mechanistic associations are established with one or more molecular pathways involved in relevant clinical effects [23] . In this study, we found that hsamiR-214-3p represses CYP2E1 gene expression and confirmed that up regulation of this DME gene is associated with increased APAP toxicity during overdose. In theory, higher levels of hsa-miR-214-3p may be associated with reduced CYP2E1-mediated toxicity to APAP in vivo, as we observed in vitro. Thus, the expression of hsa-miR-214-3p might provide a useful biomarker for predicting inter-individual variability in APAP pharmacokinetics and toxicity. Furthermore, a number of miRNA-based agents are under study as potential therapeutics for a variety of clinical conditions due to their ability to affect the expression of selected genes [24] . It is possible that therapeutic agents derived from hsa-miR-214-3p, or other miRNAs able to suppress CYP2E1 expression, could be developed as therapeutics to relieve CYP2E1-dependent hepatotoxicity associated with APAP overdose.
Materials and methods

In silico analyses
The online bioinformatics database and software tool miRTar. human (http://mirtar.mbc.nctu.edu.tw/human/) was used to identify potential miRNA binding sites within the full length CYP2E1 mRNA transcript (Refseq NM_000773). RNA-hybrid (http://bibiserv2.cebitec.uni-bielefeld.de/rnahybrid), an online RNA hybridization algorithm, was used to calculate the minimum free energy of binding for predicted miRNA duplexes formed with cognate sequences present in CYP2E1 mRNA. CYP2E1 mRNA levels and miRNA levels detected in human liver samples (50 cases) were obtained from the TCGA LIHC database (The Cancer Genome Atlas Liver Hepatocellular Carcinoma; http://wiki.cancerimagingarchive. net/display/Pubilc/TCGA-LIHC). Pearson's correlation analysis was used to select miRNAs whose level of expression in human liver showed the strongest negative correlations with CYP2E1 mRNA levels.
Cell culture
HepG2 human hepatoma cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA). HepG2 CYP2E1 , a HepG2-derived CYP2E1 over-expression cell line was established in our previous study [25] . All hepatocyte-like cell cultures were maintained at 37°C in a humidified 5% CO 2 atmosphere. All cell culture media and supplements used in this study were purchased from Life Technologies.
Transfections of HepG2, HepG2
CYP2E1
, and HepaRG cells with miRNAs and exposures to ethanol and acetaminophen
The miRNA mimics of hsa-miR-214-3p, hsa-miR-942-5p, hsamiR-378-5p and hsa-miR-570-3p were obtained from Thermo Scientific (Waltham, MA) and transiently transfected into HepG2, HepG2 CYP2E1 , and terminally-differentiated HepaRG cells at the final concentration of 40 nmol/L using Lipofectamine 2000 reagent (Life Technologies). The effects of miRNAs on the regulation of CYP2E1 expression was studied by separately introducing hsa-miR-214-3p, hsa-miR-942-5p, or the miRNA negative control (miR-NC) into HepG2 or HepaRG cells by transfection and then harvesting RNA and protein 24 h later for analysis.
The ability of hsa-miR-214-3p to interfere with ethanolinduced CYP2E1 upregulation was tested in the HepG2 parental cell line. The hsa-miR-214-3p mimic or miR-NC was introduced into HepG2 cells by transfection and the cells were incubated overnight. On the following morning, the transfected HepG2 cells were treated with 200 mM ethanol for 24 h prior to harvesting for RNA and protein analyses [26] .
Similarly, the ability of hsa-miR-214-3p to suppress the CYP2E1-dependent toxicity of acetaminophen (APAP) (SigmaAldrich, St. Louis) was studied in HepG2 CYP2E1 cells. Again, either the hsa-miR-214-3p mimic or the miR-NC was separately introduced into HepG2 CYP2E1 cells by transfection and the cells were allowed to recover for 24 h. The transfected cells were then treated with 0, 10, and 20 mM APAP and the extent of alanine aminotrans-ferase release was measured after incubation for 0, 6, 12, or 24 h [27, 28] . The efficiency by which hsa-miR-214-3p suppresses CYP2E1 expression was compared with the CYP2E1-suppressing efficiencies of hsa-miR-378-5p and hsa-miR-570-3p by introducing mimics for each of these miRNAs or corresponding miR-NC separately into HepaRG cells. Terminally differentiated HepaRG cells were transfected using the conditions described above and allowed to recover for 24 h prior to harvesting for analyses of protein and RNA. Each trial was performed at least three times.
RNA extraction and quantitative reverse-transcription PCR (qRT-PCR)
A miRNeasy Mini kit (Qiagen, Valencia, CA) was used to extract total RNA from HepG2, HepG2
CYP2E1
, or HepaRG cells after transfection and chemical treatments. A QuantiTect Reverse Transcription kit (Qiagen) and an NCode TM miRNA First-Strand cDNA Synthesis kit (Life Technologies) were used according to the manufacturers' instructions to generate cDNA. A QuantiFast SYBR1 Green RT-PCR kit (Qiagen) was used with an ABI Prism7900 Sequence Detection System (Applied Biosystems) for qRT-PCR analysis. The PCR primers used for detecting CYP2E1 mRNA were CYP2E1 -F:
0 . The primers for detecting GAPDH mRNA were GAPDH -F: 5 0 -GAA ATCCCATCACCATCTTCCAGG-3 0 and GAPDH -R:
The primers used for quantitative real-time PCR for detection of the miRNA species hsamiR-214-3p, hsa-miR-942-5p, hsa-miR-378-5p, hsa-miR-570-3p or U6 were miR214 -F:
0 or U6 -F: 5 0 -CTCGCTTCGGCAGCACA-3, and U6 -R: 5,-AACGCTTCACGA ATT TGCGT-3, respectively. The fold change of CYP2E1 or hsa-miR-214-3p, hsa-miR-942-5p, hsa-miR-378-5p and hsa-miR-570-3p expression was calculated relative to expression of GAPDH or U6 small nuclear RNA, respectively. All oligonucleotide primers used for quantitative real time PCR were obtained from Integrated DNA Technologies (Coralville, IA).
Western blotting assays
RIPA Lysis buffer (Life Technologies) was used to extract protein from HepG2, HepG2 CYP2E1 , and HepaRG cells. The expression of CYP2E1 and GAPDH were tested by western blotting assays using the Odyssey TM Western Blotting Kit (LI-COR Biosciences) with antibodies specific for CYP2E1 (rabbit anti-human) or GAPDH (mouse anti-human) that were obtained from Abcam (Cambridge, MA). Specific protein band intensities were measured with an Odyssey CLx Infrared Imaging System for quantitative analyses.
Alanine aminotransferase (ALT) assay
The Liquid ALT (SGPT) Reagent Set (Pointe Scientific, Inc., Caton, MI) was used according to the supplier's protocol to measure the amount of ALT activity released from treated cells. ALT released to the medium was calculated as a percentage of the total ALT activity (i.e. ALT in the medium plus ALT in the cell lysate). Cell culture supernatants were collected at different time points for analysis of released ALT activity following cell treatments with APAP as described above. To release the cell-associated ALT present in the remaining cell monolayers, a volume of culture medium containing 1% Triton X-100 equal to the original culture volumes was added to each sample, the detergent-treated cells were incubated for 20 min on ice, and the resulting cell lysates were collected. Samples of cell culture supernatants and cell lysates were cleared of cellular debris by centrifugation at 700g for 5 min at room temperature prior to analysis of ALT enzyme activity. After adding freshly prepared ALT assay working reagent solution, the ALT activity present in each sample was detected spectrophotometrically at 340 nm using a coupled enzyme system (ALT plus lactate dehydrogenase) with a Synergy H4 Hybrid Reader (BioTek Instruments, Inc.). Each assay was performed at least three times.
RNA electrophoretic mobility shift assays (RNA EMSAs)
NE-PER Nuclear and Cytoplasmic extraction reagents (Thermo Scientific) were used to extract cytoplasmic protein from HepaRG cells. RNA EMSAs were performed using LightShift Chemiluminescent RNA EMSA Kits (Thermo Scientific) according to the manufacturer's protocol, except that the 1 Â REMSA Binding Buffer was adjusted to contain an additional 5% glycerol, 200 mM KCl, 100 mM MgCl 2 , and 200 nmol synthetic miRNA or/and cognate mRNA oligonucleotides for 20 lL basic reaction mixtures. The RNA oligonucleotides for hsa-miR-214-3p and hsa-miR-942-5p were labeled with cy5.5 TM dye on their 5 0 ends, and the mRNA oligonucleotides targeted by miRNAs were 2,-O-methylmodified at the 5 0 ends. The labeled RNA oligonucleotides for the miRNA were dye-MIR-214-3P:5 0 -rArCrArGrCrArGrGrCrAr CrArGrArCrArGrGrCrArGrU-3 0 and dye-MIR-942-5P:5 0 -rUrCrUrUr CrUrCrUrGrUrUrUrUrGrGrCrCrArUrGrUrG-3 0 , respectively. The RNA oligonucleotides used as unlabeled competitors for hsa-miR-214-3p and hsa-miR-942-5p were: Cold-214-3P:5 0 -ACAGCAGGCA CAGACAGGCAGU-3 0 and Cold-942-5P:5 0 -UCUUCUCUGUUUUGGC CAUGUG-3 0 , respectively. The oligonucleotide probes for CYP2E1 mRNA targeting sites were labeled with IRDye1800 dye on their 5 0 ends. The labeled oligonucleotide probes of the targeting sites for hsa-miR-214-3p (3 target sites) and hsa-miR-942-5p (one target site) were dye-214-target -1:
0 , dye-214-target -3:5 0 -mGmAmGmGmCmCmCmAm CmUmUmCmCmUmGmCmUmGmG-3 0 and dye-942-target:5 0 -mC mUmCmGmUmGmGmAmAmAmUmGmGmAmGmAmAmGmG-3 0 , respectively. The ability of miRNA/mRNA hybrids to recruit cellular proteins was evaluated by adding cytoplasmic extract (2 lg) and tRNA (1 lg) to the basic reaction mixtures followed by incubation 10 min at room temperature to form ribonucleoprotein complexes. To evaluate the sequence specificity for the electrophoretically stable complexes observed, 50-fold molar excesses of unlabeled probes were placed in the reactions before adding the dyelabeled probes for competition assays. In each case, the resulting reaction mixtures were incubated at room temperature for 15 min and the bound complexes were separated with 8% polyacrylamide gel electrophoresis (PAGE) at 4°C for 2.5 h. Images were obtained and analyzed using an Odyssey CLx Infrared Imaging System (LI-COR Biosciences, Lincoln, NE). All oligonucleotide probes used for RNA EMSA were purchased from Integrated DNA Technologies.
Statistical analyses
Pearson correlation analysis was used to test the correlations between CYP2E1 mRNA levels and the levels of hsa-miR-214-3p and hsa-miR-942-5p in human liver tissues. Student's t-tests were used to compare pairwise differences in the expression of CYP2E1, hsa-miR-214-3p, hsa-miR-942-5p, hsa-miR-378-5p, and hsa-miR-570-3p between treatments. One-way ANOVA was performed to make comparisons between multiple subgroups. Differences were considered significant when the P value was <0.05. SPSS software (SPSS 17.0; SPSS, Inc., USA) was used for performing statistical analyses.
Results
Selection of potential miRNAs modulating CYP2E1
We used the miRTar online miRNA target prediction tool with the integrated miRTar.Human database to screen and identify candidate miRNAs that may target potential binding sites present in the human CYP2E1 full-length mRNA transcript. In this initial step, 70 candidate miRNAs were identified with the potential to interact with the CYP2E1 transcript within the full length of mRNA (data not shown). Next, predicted binding energies for each putative miRNA/CYP2E1 mRNA hybrid were calculated and analyzed. One miRNA was eliminated due to an unfavorable binding energy < À20 kcal/mol because favorable free energy is a vital factor for miRNA-mRNA interactions [21] . Among the remaining 69 miRNA candidates, 32 miRNAs were identified with a significant expression in human liver using the TCGA LIHC database. Of the 32 remaining candidates, negative correlations were found between CYP2E1 mRNA levels and the expression of 9 miRNAs among the human liver samples represented in the database. We selected two miRNAs for further study (hsa-miR-214-3p and hsa-miR-942-5p, respectively) that showed the strongest inverse correlations (Pearson's correlation, r = À0.49191and r = À0.49017, respectively) with CYP2E1 expression in human liver and the lowest probabilities that those correlations are due to chance (p = 0.000285 and p = 0.00302, respectively) (see Table 2 , Fig. 1A-B) . Interestingly, three potential binding sites were found in the CYP2E1 transcript for the miRNA hsa-miR-214-3p (target 1: 46-67, target 2: 73-91, target 3: 481-499, positions refer to NM_000733) ( Table 1) .
Hsa-miR-214-3p suppressed CYP2E1 expression in HepG2
CYP2E1 cells
To investigate the abilities of hsa-miR-214-3p and hsa-miR-943-5p to regulate CYP2E1 expression, we transfected the hsamiR-214-3p mimics, the hsa-miR-942-5p mimics, or the miRNA negative control into HepG2 CYP2E1 cells (Fig. 2 ) and gene expression was measured 24 h later, as described in our previous study [21] . Compared to cells transfected with the miRNA negative control, transfection of HepG2 CYP2E1 cells with hsa-miR-214-3p, but not with hsa-miR-942-5p, resulted in a 30% reduction in CYP2E1 mRNA levels ( Fig. 2A-B ) and a 35% reduction in CYP2E1 protein levels ( Fig. 2C-D) .
Hsa-miR-214-3p inhibits ethanol-dependent induction of CYP2E1 expression in HepG2 cells
It is well known that exposure to ethanol increases CYP2E1 levels in hepatocytes. We investigated the influence of hsa-miR- Fig. 1 . Correlation between the expression of hsa-miR-214-3p or hsa-miR-942-5p and CYP2E1 transcripts in human non-tumor liver tissues. The levels of (A) hsa-miR-214-3p (r = À0.49191, P = 0.000285), and (B) hsa-miR-942-5p (r = À0.49017, P = 0.000302), were negatively correlated with CYP2E1 mRNA levels (50 non-tumor liver samples) in the TGCA LIHC public dataset using Pearson's correlation analysis. 214-3p on ethanol-dependent induction of CYP2E1 in HepG2 cells [29] . As expected, exposure to ethanol increased CYP2E1 expression significantly in HepG2 cells (1.5-fold and 2-fold elevations in mRNA and protein levels after treatment with 200 mM ethanol for 24 h; Fig. 3B , all P < 0.05). In contrast, ethanol did not affect the expression of hsa-miR-214-3p in these cells (Fig. 3A) . However, after transfection with hsa-miR-214-3p mimics, the induction of CYP2E1 expression was greatly reduced in HepG2 cells exposed to ethanol, with 85% and 37% decreased CYP2E1 mRNA and the protein levels, respectively, after treatment with 200 mM ethanol (Fig. 3D , all P < 0.05).
Hsa-miR-214-3p reduces APAP-dependent cytotoxicity in HepG2 CYP2E1 cells
In cases of APAP overdose, CYP2E1 activity produces the cytotoxic metabolite N-acetyl-benzoquinone imine that in turn induces cell injury, which could be indicated by an increased ALT release. We evaluated the role of hsa-miR-214-3p in suppressing CYP2E1-mediated APAP cytotoxicity by monitoring the timedependent release of ALT activity from HepG2 CYP2E1 cells exposed to APAP. Compared with untreated control HepG2 CYP2E1 cells, increased ALT release was observed after 12 h (9.3% and 21.4%, P < 0.05) and 24 h (15.2% and 33.9%, P < 0.05) of exposure to 10 or 20 mM APAP, respectively (Fig. 4A) . Next, we introduced hsamiR-214-3p mimics or miRNA negative control (miR-NC) into HepG2 CYP2E1 cells and then began exposure to 0 or 20 mM APAP 24 h later. In the absence of APAP, there were no significant differences in ALT release by HepG2 CYP2E1 cells for 0-24 h between the cells containing hsa-miR-214-3p mimics or miR-NC (Fig. 4B) . However, the introduction of hsa-miR-214-3p mimics into HepG2 CYP2E1 cells led to a significant decrease in ALT release in response to 20 mM APAP for 24 h (22.6%, P < 0.05) in comparison to APAPtreated HepG2 CYP2E1 cells containing the miRNA negative control (Fig. 4C) .
Interactions between hsa-miR-214-3p or hsa-miR-942-5p and CYP2E1 coding regions in vitro
We performed RNA EMSAs to determine if either hsa-miR-214-3p or hsa-miR-294-5p is able to bind with their cognate CYP2E1 mRNA sequences directly in vitro. As shown in Fig. 5 , complexes formed between hsa-miR-214-3p or hsa-miR-942-5p and their cognate CYP2E1 mRNA target sequences were observed in vitro (lane 3). Competition assays indicated the complex was sequence-specific for hsa-miR-214-3p and its cognate targets (Fig. 5A ,B,C, Lane 5) but not for hsa-miR-942-5p and its cognate target (Fig. 5D, Lane 5) . Next, we used HepaRG cytoplasmic extracts to investigate if miRNA/mRNA duplex complexes formed between hsa-miR-214-3p or hsa-miR-942-5p with cognate CYP2E1 mRNA sequences would recruit cellular factors to alter the electrophoretic nobilities of the nascent ribonucleoprotein complexes. We observed that RNA-protein complexes with altered electrophoretic motilities formed in the presence of HepaRG extracts between hsa-miR-214-3p miRNA and the CYP2E1 mRNA Plotted values were first normalized by U6 RNA, GAPDH mRNA, or GAPDH protein levels (A, B, and D respectively) and in each case normalized ratios for cells transfected with miR214-3p and miR-942-5p were compared to ratios for cells transfected with miR-NC. * P < 0.05; miR-NC, miRNA negative control. Each assay was performed using at least 3 independent experiments. target 2 and target 3 (Fig. 5B, C, lane 6, 7) , however no ribonucleoprotein complexes were detected between the hsa-miR-214-3p and the CYP2E1 target 1 or between hsa-miR-942-5p and its CYP2E1 cognate sequence in the presence of HepaRG extracts (Fig. 5A, D, lane 6, 7) .
Hsa-miR-214-3p suppressed CYP2E1 expression from the autologous gene in HepaRG cells
We used HepaRG cells to compare the regulatory efficiencies of hsa-miR-214-3p, hsa-miR-942-5p, hsa-miR-378-5p, and hsa-miR- 570-3p on CYP2E1 expression because HepaRG cells express most DMEs at levels comparable to those of primary human hepatocytes. As shown in Fig. 6A , the expression of hsa-miR-214-3p, hsa-miR-942-5p, hsa-miR-378a-5p, and hsa-miR-570-3p was significantly elevated after transfection of their mimics into HepaRG cells. However, only hsa-miR-214-3p, hsa-miR-378-5p and hsamiR-570-3p, but not hsa-miR-942-5p, suppressed CYP2E1 RNA and protein levels in HepaRG cells ( Fig. 6B, 32% ; 45.6%; 10.5% and 32.5%; 49.6%; 19.5% decreased in RNA and the protein levels after transfection, respectively, all P < 0.05). Furthermore, hsa-miR-214-3p was more effective in repressing CYP2E1 RNA and protein expression than hsa-miR-570-3p, and was similarly effective as hsa-miR-378-5p (Fig. 6B, C and D) .
Discussion
DMEs play crucial roles in drug responses and clinical outcomes. In some cases the altered expression of DMEs contributes to disease susceptibility and to variations in drug efficacy and drug safety [23, 30] . For a well-known example that is relevant to this study, CYP2E1 catalyzes the bioactivation of acetaminophen (APAP) to produce a reactive metabolite that leads to liver injury [31] . Alcohol consumption enhances CYP2E1 expression and this ethanol-dependent induction of CYP2E1 exacerbates the adverse effects of APAP overdose in patients [32] .
Over the past two decades a number of pharmacogenetics studies have reported genetic variations within the promoters, coding regions, and 3 0 -UTRs of DME genes that are associated with significant functional effects on drug metabolism that influence drug safety and efficacy [30, 33] . Recently, additional mechanistic insights have been gained from studies into epigenetic mechanisms that are also involved in the regulation of DME gene expression [34, 35] . Along with DNA methylation and histone modifications, miRNAs are now known to contribute to the epigenetic regulation of genes involved in drug metabolism and drug targeting [17, 20, 21] .
Target gene expression is suppressed by miRNAs in two principal ways, either by enhancing the rate of degradation for specific mRNA transcripts or by interfering with protein synthesis [18] . The formation of miRNA-containing RNA-induced silencing complexes (miRISC) is believed to be critical to accomplish both of these functions. It is also believed that specific cellular components present in these miRISCs, notably members of the Argonaute (Ago) protein family, are important for determining which of the two suppressive mechanisms regulating gene expression will predominate [36] . RISC-bound miRNAs exert their specificities for particular mRNA transcripts through molecular interactions involving nucleotides 2-9, their seed regions, with partially complementary sequences that are commonly located within the 3 0 -UTRs of mRNA transcripts and also through additional interactions formed between nucleotides present in 3 0 regions of the RISC-bound miRNA and the target mRNA. Prior studies of CYP2E1 gene regulation have identified miRNAs that utilize miRNA binding sites present in the 3 0 -UTR of its mRNA transcript [13, 19] . In addition to typical interactions with sequences found in the 3 0 -UTR regions of targeted mRNAs, accumulating evidence shows that miRNAs may also bind to the protein coding region of at least some mRNA transcripts either to inhibit translation or to facilitate mRNA degradation [37] . Interestingly, hsa-miRNA-552 was shown to act in a novel way to suppress both CYP2E1 translation and transcription; in addition to binding to a recognition sequence in the 3 0 -UTR of CYP2E1 mRNA to enhance its degradation, hsa-miRNA-552 present within the nucleus of the cell also hybridizes to a loop found in a cruciform structure of the CYP2E1 promoter to interfere with CYP2E1 transcriptional efficiency [14] . The variety of molecular mechanisms employed by miRNAs involved in the epigenetic regulation of CYP2E1 demonstrates the unusual versatility of this group of biomolecules.
It is estimated that a single miRNA species has the potential to regulate over 200 different types mRNA transcripts, and also the regulation of one gene may involve multiple miRNAs [38] . Transcription factors also regulate DME gene expression, a fact that can complicate the interpretation of the biochemical mechanisms of action for specific miRNAs. In principle, miRNAs usually affect DME gene expression in two ways: by interacting directly with the mRNA transcript for a DME gene as described above or through interactions with the mRNA transcript of a strategic transcription factor that then exerts a separate type of regulatory effect on DME gene expression [23] . These mechanistic alternatives can be resolved experimentally using the strategy employed in this study by which the interactions between predicted miRNA/mRNA binding partners were studied individually.
The full length CYP2E1 mRNA transcript was scanned in the current work to identify potential miRNA binding sites for known miRNAs. Next, we eliminated putative miRNA/mRNA hybrids with low affinity and selected those whose expression correlated negatively with CYP2E1 mRNA levels in human liver samples. Following this strategy the miRNAs hsa-miR-214-3p and hsa-miR-942-5p were selected for further study because in silico analysis predicted strong interactions between these miRNAs with putative recognition sequences present in CYP2E1 mRNA and because we found negative correlations between CYP2E1 mRNA levels in human liver samples and the levels of these two miRNAs. Our results showed that hsa-miR-214-3p, but not hsa-miR-942-5p, suppresses CYP2E1 expression in HepG2 CYP2E1 cells. Furthermore, the increased expression of CYP2E1 in HepG2 cells induced by ethanol was inhibited by transfection with the hsa-miR-214-3p mimic. We found that the predicted free energy of binding for a miRNA/mRNA complex is a critical screening factor for eliminating unstable regulatory complexes in our previous studies. In our current study, hsa-miR-214-3p suppressed the expression of CYP2E1 while hsa-miR-942-5p was unable to do so, which is consistent with the predicted trend of less favorable binding energy for the putative hsa-miR-942-3p/ CYP2E1 mRNA complex. The stability of any complex is controlled by the chemical equilibrium of the binding reaction. This relationship associates the Gibbs energy of binding with the equilibrium constant (DG = ÀRT ln K eq ) and the concentrations of bound and free forms of the miRNA and mRNA species. We reasoned that we are less likely to overlook some functional miRNA interactions (i.e., avoid false negative predictions) by setting a conservative threshold of -20 kcal/mol for binding. By testing the stability and biological competence of each predicted miRNA/mRNA interaction experimentally, we endeavored to eliminate any false positive predictions in order to focus on those which are truly relevant biologically. The release of ALT from hepatocytes is often used as an indicator of induced hepatotoxicity. We found that the introduction of an hsa-miR-214-3p mimic, but not an miRNA negative control mimic, into HepG2 CYP2E1 cells inhibited ALT release during exposure to toxic levels of acetaminophen, which is consistent with the suppression of CYP2E1-mediated APAP cytotoxicity by hsa-miR-214-3p. RNA-EMSA also confirmed direct molecular interactions between hsa-miR-214-3p with two out of three predicted binding sites located in the coding region of CYP2E1 mRNA transcripts. We found that the hsa-miR-214-3p mimic introduced into HepaRG cells also caused decreased CYP2E1 expression in this hepatocyte-like system. Furthermore, the efficiency of suppressing the expression of CYP2E1 in HepaRG cells by hsa-miR-214-3p was equivalent to that of hsa-miR-378-3p, and stronger than that of miR-570. Because hsa-miRNA-552 had a higher inhibition efficiency than that of hsa-miR-378-3p towards CYP2E1 expression [14] , we did not conduct experiments to compare the suppressing efficiencies between the hsa-miRNA-552 and hsa-miR-214-3p. In summary, compared with these previously reported miRNAs, the inhibition efficiency of CYP2E1 by hsa-miR-214-3p is less than that of hsa-miR-378-3p or hsa-miRNA-552, but greater than that of hsa-miR-570-3p. Alcohol exposure contributes to liver injury through the production of cytotoxic reactive oxygen species (ROS) [39] . Ethanol is metabolized by some DMEs, including the CYP2E1 in liver tissues [40] . In this study, we used ethanol to stimulate increased CYP2E1 expression and then showed that its induction can be inhibited by hsa-miR-214-3p in HepG2 cells. The over consumption of ethanol enhances APAP toxicity in humans [41] . At higher doses, APAP is primarily metabolized by CYP2E1 in the liver to form the highly reactive free radical intermediate product, N-acetyl-pbenzoquinone imine (NAPQI), which displays significant hepatotoxicity [42] . Notably, the level of CYP2E1 expression is directly related to the degree of APAP-induced hepatotoxicity. In this study, we found that introducing hsa-miR-214-3p into HepG2 CYP2E1 cells reduced the extent of ALT released to the medium when those cells were exposed to cytotoxic concentrations of APAP. This observation suggests that individual variations in hsa-miR-214-3p expression could be relevant to variations in the CYP2E1-mediated hepatotoxicity of APAP and perhaps also for additional drug-drug interactions which involve CYP2E1. As mentioned above, members of the Ago protein family are prominent components of most miRNA-containing RISCs. Our previous studies showed that Ago 4 protein was present in complexes formed with HepaRG cell extracts incubated with synthetic oligonucleotides mimicking the miRNA hsa-miR-25-3p and its complementary site found in CYP2B6 mRNA [20] . However, Ago 1 protein was detected within complexes formed using HepaRG extracts incubated with oligonucleotide analogs for the miRNA hsa-miR-29a-3p and its binding site in the CYP2C19 mRNA transcript [21] . In the current study, we also found that ribonucleoprotein complexes can be formed between HepaRG extracts and oligonucleotides representing the miRNA hsa-miR-214-3p and two binding sites present within the coding region of CYP2E1 mRNA, but without a confirmation of Ago protein binding. We subjected the ribonucleoprotein complexes presented in Fig. 5 to mass spectral analyses and our preliminary data suggested that a group of mRNA or miRNA binding proteins are involved, but Ago proteins were not detected. A clearer picture of how these novel miRNA/protein complexes are able to accomplish their functions to regulate CYP2E1 expression will require further detailed biochemical and cell biological studies.
In summary, we demonstrated that hsa-miR-214-3p suppresses the expression of CYP2E1 in liver cells and that it interacts with two binding sites located in the protein coding region of the CYP2E1 mRNA transcript. Though the details of the molecular mechanism employed by hsa-miR-214-3p are not fully understood, our results provide a new perspective for gene regulatory functions involving hsa-miR-214-3p and its specific binding sites present in the CYP2E1 mRNA transcript. We predict that variations among different individuals in the expression of this and other miRNA species involved in CYP2E1 gene regulation could be associated with drug-drug interactions involving CYP2E1. Additional clinical studies will be required to evaluate the suitability of hsamiR-214-3p as a biomarker for inter-individual differences in the CYP2E1-mediated hepatotoxicity associated with APAP overdose.
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